Abstract-In virtual reality (VR)-based telerobotic systems, system performance depends highly on the accuracy of the virtual model constructed at the master site. However, state errors between virtual and slave system exist inevitably due to unknown environment parameters and random time delay of communication media. A popular strategy to tackle the problem is by means of virtual environment technology, in which the environment impedance is estimated on slave site and transmitted and recreated as a virtual environment on master site, and then, the virtual model is updated on the fly according to estimated parameters from slave site. As distinct from the existing parameter estimation methods, this article tries to synchronize master and slave sites of telerobotic systems with an Internet one way time delay (OWTD) jitter prediction approach. A virtual manipulator system is constructed as the slave system and can be controlled with an identical virtual manipulator model displayed on the screen of the master site, which is corrected and updated according to historical commands transmitted to the slave site and Internet OWTD jitter prediction results. Three prediction algorithms for time series prediction, i.e., multiple linear regression (MLR), grey model (GM), and autoregressive moving average model (ARMA), are adopted during the implementation of the proposed approach. The developed approach has been validated with a teleoperated free motion task and experimental results indicate that the proposed approach can be used to synchronize master and slave sites and ARMA outperforms GM and MLR in Internet OWTD jitter prediction.
I. INTRODUCTION
Teleoperation systems with video and/or force reflection consist of a local site, where a human operator drives a device called master; a remote site, where a robot called slave follows the motion of the master to execute a given task in interaction with the environment; and a communication channel that links both sites. The master is used to generate velocity or position commands to the slave manipulator, while the environment information is refleced to the human operator through the actuators of the master device [1] . Such systems have thire potential applications in space and undersea explorations [2] - [4] , telesurgery and telemedicine [5] - [7] , search and rescue [8] , handling of hazardous materials in dangerous, or awkward environments that are inaccessible for human intervention.
For telerobotic systems, a hierarchical structure which consists of a main controller and a remote closed-loop system is widely used. The main controller sends the reference signal in a packet via the network to the slave system. The slave system then processes the received signal to perform local closed-loop control and provides sensor measurement to the main controller for networked closed-loop control [9] . In this case, the desynchronization of the master system with the slave system will affect the stability as well as the performance of telerobotic systems [10] . Especially, an emerging trend for geographically distributed telerobotic systems is to use the Internet as a communication channel among various control elements. Since the packet exchange in the Internet is affected by the route of packets and handling policies at each node they traverse, time delay, jitter, and packet dropout are common phenomena during the process of data transmission. This makes synchronization between master and slave sites even more difficult.
Several control methods have been proposed in the literature to deal with the problem of desynchronization in telerobotic systems, such as, Lyapunov-based methods, scattering theory, passivity-based control, event-based planning and control [10] , virtual environment (VE) methods [11] - [15] , and etc. A large amount of control structures and strategies are reviewed in [9] , [16] , and [17] . Of these strategies, the eventbased planning and control method is used to synchronize the master with the slave site by introducing event reference as a new reference variable rather than time. Then, synchronization between master and slave site can be obtained, and commands from master system correspond strictly with the state of the slave system. However, in this method, network resources is not fully utilized since master system does not send data until it receives data from slave site and vice versa.
The VE method is a newly developed promising method, in which a model of the remote environment is constructed at the master site and the operator perceives locally generated information corresponding to the estimated model parameters. Compared with traditional virtual reality (VR) based methods, the VE method extracts and transmits an environment model from measurements or other sensor data, rather than continuous position or force measurements. The main differences between VE-based methods are the estimation algorithm as well as the updating procedure of the virtual model. In [13] , a slidingaverage least-square algorithm is put forward to identify parameters of the remote environment, and the virtual model parameters are updated on the fly to keep equal to the real remote environment. A. Achhammer et al. [14] proposed a hybrid approach for estimation of the remote environment by combining the classical Kelvin-Voigt model and the nonlinear Hunt-Crossley model.
The modeling errors of VE can be classified as the calibration errors and time-delay induced errors. In this paper, only the time-delay induced errors are concerned, and we propose an Internet OWTD jitter prediction method to synchronize the master site and the slave site. For simplicity, the following assumptions are made: (1) there is only time delay jitter in communication channel, while packet dropout and disorder do not exist; (2) there is no calibration errors between remote environment and the virtual model at the master site; (3) the telerobotic system has a hierarchical structure, in which a local controller exist at the slave site, thus the slave closed-loop system can be represented by a statespace model; (4) the slave system and the virtual system are event-driven, while the master system is time-driven, i.e., control commands are only sent out at predetermined intervals; (5) computational time delay in the whole system is negligible.
The paper is organized as follows: In section II, the proposed synchronization approach based on Internet OWTD jitter prediction is described. Furthermore, three prediction methods for Internet jitter prediction, i.e., MLR, GM, and ARMA, are also introduced. Section III describes an implementation using identical virtual ABB IRB120 robot model as the slave system and the virtual system respectively. Section IV describes experimental results, where the slave manipulator system is controlled to move in free space, with three prediction algorithms. Finally, section V presents conclusions and future works.
II. PROPOSED METHOD

A. Internet OWTD Jitter
As a robot usually requires several motors at the joints of the robot to simultaneously and smoothly rotate together, it is more convenient to use the hierarchical structure to formulate the master-slave telerobotic system since the robot controller constitutes a local closed-loop control system and only receives reference input from the main controller, i.e., master device. Periodically, a human operator generates and sends the commands in a packet via a network to the slave system. The slave system then processes the received commands to perform local closed-loop control and returns the system output to the master site by putting sensor measurements into a frame or a packet [18] .
When there is no control strategy implemented, control commands and slave system measurements arrive at the destination at irregular intervals. As a result, buffering effect generates, which results in desynchronization between the input commands and the state of the slave system, and finally, leads to loss of sense of causality for the human operator [19] . In view of these considerations, some researchers devise control strategies based on the assumption that the slave-tomaster delay sm τ and the master-to-slave delay ms τ can be obtained through Network Time Protocol [20] , [21] . In fact, this method is not realistic since the technology is too complex. In networked predictive control scheme, a proper control signal is selected from the future control sequence according to the round trip time delay (RTT) [22] . However, this scheme leads to waste of network resources since a large amount of control data should be sent to the slave site.
Under the assumptions described in section I, the slave system is event-driven. The current command will be executed until the next command arrives at the slave site, as shown in 
where i t is the instant at which the th i command gets to the slave system, while 1 i t + is the instant at which the 1 i + th command gets to the slave system, T is the time interval at which control commands are sent to the slave system. Obviously, the Internet OWTD is defined using the slave system clock. Timing diagram of data flow on the Internet is shown in Fig. 2 . Feedback output on slave system
B. Correction and Update of States of the Virtual System
Feedback information on master system
Virtual system state on master site 
expected. To get this estimation, two buffers can be constructed at the master site. One buffer is used to store historical commands, the other is used to store Internet OWTD jitter data. Execution time for each buffered command can be predicted using obtained jitter data. As a result, the slave system state can be estimated using Internet OWTD jitter data and historical commands issued from the master site.
Given the historical jitter data stored in one buffer, jitter data corresponding to buffered command series 
. As a result, execution times for these buffered commands can be denoted as 1 2 , , ,
In the following, state space model will be selected to explain the idea of state correction and update according to the concept of Internet OWTD jitter prediction. Consider a multiinput multi-output continuous-time state space model for the slave system, i.e.,
where are the system matrices with appropriate dimensions. In this work, only the time-delay induced errors between the slave system and the virtual system at the master site is considered, so, we consider the virtual system with identical model to the slave system, i.e.,
If the latest feedback information ( ) s y i gets to the master site at m t , then the estimated duration in which the command series 
Since the slave system and the virtual system have the same dynamics, the estimated output of the slave system can be obtained and considered as the output of the virtual system.
C. Prediction Methods of Internet OWTD jitter
Based on the definition of Internet OWTD jitter, the synchronization between the master site and the slave site is ascribed to the prediction of every time interval during which the corresponding buffered command is executed. As a result, characteristics of Internet OWTD jitter should be analyzed and prediction methods should be selected appropriately. In our previous works [23] , an initial analysis has been performed and the results indicate that relative correlation between jitter data arrays exist, as shown in Fig. 3 . In view of the real-time requirements, three prediction algorithms to be used in the experiments will be introduced. 
1) Multiple Linear Regression
where
) and the corresponding z , the principle for
) is to make the residual sum of squares between observations z and regressive values ẑ minimum. The residual sum of squares is defined as follows
Through least square method, we get regression coefficient vector as follows
Finally, we get the estimation equation as
where ε is the statistical value, X is matrix composed of regression variables.
2) Grey Model
model can be defined as the GM model that satisfy the equation
The solution of (10) 
III. IMPLEMENTATION
The prototype system consists of user interface, jitter predicator, communication media, the virtual system and the slave system, as illustrated in Fig. 4 . The operator sends command packet to the slave system at regular time intervals while observing the state of virtual system. The slave system receives commands at irregular time interval. To implement the proposed control strategy, the TCP is selected as the communication protocol, since TCP includes reliability features as error recovery, reordering and etc.. 
A. The Slave system and the Virtual System
A virtual IRB 120 manipulator model is constructed with OpenGL on Windows XP operating system, which is used as the slave system and the virtual system at the master site, as shown in Fig. 5 . OpenGL and its associated libraries were used to graphically describe the manipulator system. The three dimensional virtual environment was first drawn using Pro/ENGINEER, and then converted to OpenGL source code in multiple conversion stages. On the other hand, the Microsoft Sidewinder Force Feedback joystick is adopted as the input device. It has an onboard 16-bit processor running at 25MHz. This processor handles all the force effects. Communication with host-PC is realized through USB interface, at a speed of 31kboard. The joystick interface is through DirectX, which can read joystick position and apply force on the hand's driver.
B. Control Procedures for Master System and Slave System
In order to perform the prediction of the future state of slave system and present it on virtual system, actual state of slave system and the corresponding command should be sent back together from the slave system. Furthermore, the difference between the number of date packet issued from the master site and the number of feedback packet should be recorded. To achieve the purpose, data packets used for communication between the master and slave sites are identical. The structure of data packet is shown in Fig. 6 .
The control procedure for the master system can be described as follows:
Procedure for the Master Site:
Initialization: store L jitter data in the jitter buffer, while the virtual system is being updated directly using commands from the master site; 16.18.145 , is located at Qinhuangdao, China. Timing interval on master site is 50 milliseconds and the virtual system is displayed on the master computer screen.
During the experiments, the slave robot is controlled to move in free space under the position control mode. Fig. 7 and Fig. 8 provide experimental results when the MLR is selected as the Internet OWTD jitter prediction algorithm. Fig. 7 gives the Internet OWTD jitter prediction error, and the position error along three axis. Fig. 8 gives joint angle errors between the slave system and the virtual system. Fig. 9 and Fig. 10 show the experimental results under GM prediction method, where Fig. 9 gives Internet OWTD jitter prediction error and Fig. 10 provides joint angle errors. Fig. 11 and Fig. 12 provide the experimental results under ARMA prediction method, where Fig. 11 gives Internet OWTD jitter prediction errors and Fig. 12 provides joints angle errors. We have conduct 8 experiments for each prediction algorithm, i.e., MLR, GM, ARMA. The standard deviation for each algorithm is shown in Table I . From experimental data shown in Table I , it is obvious that the proposed approach can be used to synchronize master and slave site and ARMA outperforms GM and MLR in Internet OWTD jitter prediction. In this paper, we have put forward an approach that uses predictions of Internet OWTD jitters to deal with the negative effects of desynchronization between the master and the slave site. The starting point of this approach is that, the future state of the slave system corresponding to the latest command can be estimated using historical commands and predictions of Internet OWTD jitter and displayed on the master computer screen. As a result, state estimation problem in telerobotic systems can be ascribed to Internet time delay jitter prediction task. This paper has utilized three prediction algorithms to predict Internet OWTD jitter, and the experimental results show that this is a valid approach, since the human operator can control the remote manipulator system conveniently. Experimental results also indicate that the ARMA method outperforms the MLR and GM mothods in predicting the Internet OWTD jitter.
In the implementation presented in this paper, only three prediction algorithms are tested, but any methods that satisfy real time requiremet and precision can conceivably be used. In our previous works [23] , an initial study indicated that there were structured information in Internet jitter data. However, extensive works should be conducted to study the characteristics of Internet OWTD jitter data.
Internet time delay jitter, data dropout, and packet disordering are common phynomena of the Internet data transmission. In this paper, only the time delay jitter is tackled because the TCP protocol is adopted in the implementation of the approach. When there is data dropout, i.e., the UDP protocol is selected, the proposed method should be modified accordingly. A possible strategy is to integrate existing approaches that deal with the data dropout problem [24] . Another possisble solution for this problem is to manipulate the received command data at the slave site, so that we can confidently consider that there is no data dropout on the forward communication channel. As a result, the proposed method in this paper can be utilized directly, even though there may be data dropout on the feedback channel.
Another limit of the proposed approach is that only the free space teleoperation task is conducted. However, teleoperation in the constrained space is a common task in telerobotic systems. Therefore, the proposed approach is not applicable without modification for tasks that require haptic interation with the remote environment. A possible solution for this problem is to integrate the the dynamics of the slave site into the proposed approach.
Finally, there is yet no treatment of stability issues for the Internet OWTD jitter prediction approach. A more rigorous analysis remains to be performed.
